A series of neomycin dimers have been synthesized using 'click chemistry' with varying linker functionality and length to target the TAR RNA region of HIV virus. TAR (trans activation response) RNA region, a 59 base pair stem loop structure located at 5 0 -end of all nascent HIV-1 transcripts interacts with a key regulatory protein, Tat, and necessitates the replication of HIV-1 virus. Neomycin, an aminosugar, has been shown to exhibit more than one binding site with HIV TAR RNA. Multiple TAR binding sites of neomycin prompted us to design and synthesize a small library of neomycin dimers using click chemistry. The binding between neomycin dimers and HIV TAR RNA was characterized using spectroscopic techniques including FID (Fluorescent Intercalator Displacement) titration and UV-thermal denaturation.
a b s t r a c t
A series of neomycin dimers have been synthesized using 'click chemistry' with varying linker functionality and length to target the TAR RNA region of HIV virus. TAR (trans activation response) RNA region, a 59 base pair stem loop structure located at 5
0 -end of all nascent HIV-1 transcripts interacts with a key regulatory protein, Tat, and necessitates the replication of HIV-1 virus. Neomycin, an aminosugar, has been shown to exhibit more than one binding site with HIV TAR RNA. Multiple TAR binding sites of neomycin prompted us to design and synthesize a small library of neomycin dimers using click chemistry. The binding between neomycin dimers and HIV TAR RNA was characterized using spectroscopic techniques including FID (Fluorescent Intercalator Displacement) titration and UV-thermal denaturation.
UV thermal denaturation studies demonstrate that neomycin dimer binding increase the melting temperature (T m ) of the HIV TAR RNA up to 10°C. Ethidium bromide displacement titrations revealed nanomolar IC 50 between neomycin dimers and HIV TAR RNA, whereas with neomycin, a much higher IC 50 in the micromolar range is observed.
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RNA-protein interactions are essential for regulation of many important biological processes such as translation, RNA splicing, and transcription. 1 An important example involved in the mechanism of regulatory process of human immunodeficiency virus type 1 (HIV-1). TAR RNA (trans activation responsive region), a 59 base stem-loop structure located at the 5 0 -end of the nascent viral transcripts, 2 Aminoglycosides are naturally occurring aminosugars linked through glycosidic linkages, known to bind to a wide variety of RNA structures. 13 In an attempt to achieve higher RNA binding affinity and to explore multiple binding sites on RNA targets, the homo and hetero dimeric units of aminoglycosides 14, 15 (tobramycin, neamine, neomycin B, and kanamycin A) have been synthesized with various linker length and functionalities through disulfide bond formation. These aminoglycosides exhibit higher binding affinity towards dimerized A-site 16 S construct and RRE RNA than their corresponding monomeric aminoglycoside units. Also, aminoglycoside dimers exhibit 20-to 12000-fold higher inhibitory effects towards the catalytic function of Tetrahymena ribozyme than the monomeric units. 15 A neomycin neomycin dimer synthesized with an intercalator, naphthalenediimide, as linker, showed 35-fold higher affinity than neomycin towards Asite 16S RNA. 16 We have recently reported that a neomycin dimer with a flexible thiourea linker showed nanomolar binding affinity towards AT rich DNA duplexes. 17, 18 These reports have considerably expanded the potential of aminoglycosides in shape recognition of nucleic acids. [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] Neomycin (Scheme 1), an aminoglycoside, is known to bind various RNA structures, such as the 5 0 -untranslated region of thymidylate synthase mRNA, 29 rev response element (RRE) and the trans activation responsive RNA (TAR RNA) region of HIV-1, 30, 31 kissing loop formed by DIS (dimerization initiation site) of genomic HIV RNA, 32 group I introns, 33 ribonuclease P RNA, 34 hairpin ribozyme 35 and hammerhead ribozyme. 36 Among all the aminoglycosides, neomycin has shown the highest inhibitory effect towards TAR RNA (K d < 1 lM). ribonuclease protection experiments 38 have suggested that the probable binding site of neomycin lies in the stem region just below the tri-nucleotide bulge in TAR RNA. Further ESI-MS experiments and gel shift assays have revealed the existence of three neomycin binding sites in HIV TAR RNA. 37 To achieve higher binding affinity and explore the multiple binding sites on HIV TAR RNA, we have designed and synthesized a series of neomycin dimers using click chemistry. Herein, we report synthesis and TAR RNA binding studies of a series of triazole linked neomycin dimers (for structure see Scheme 1) with various linker lengths and flexibility to optimize the binding affinity. Synthesis of neomycin dimers using click chemistry: We have used click chemistry 39 to synthesize a number of neomycin dimers. A number of commercially available dialkynes were reacted with 2 mole equivalent of boc-protected neomycin-5 00 -azide, in the presence of CuI, toluene, and DIPEA, to form the neomycin dimers (see Scheme 2) . Two additional dialkynes were synthesized to achieve the longer linker length between two neomycin units (DPA58 and DPA60, Table 1 ).
Neomycin dimers significantly enhance thermal stability of HIV TAR RNA: UV thermal denaturation studies were carried out to monitor the effect of neomycin dimers on HIV-1 TAR RNA. Figure  1 shows the representative plot of UV denaturation profile of HIV TAR RNA in the absence and presence of neomycin dimer (left) and neomycin (right) at a HIV-1 TAR RNA/ligand ratio of 1. The UV thermal denaturation temperature of HIV-1 TAR RNA and HIV-1 TAR RNA-ligand complexes were determined using first derivative plots and the results are summarized in Table 1 . The UV melting temperature (T m ) of HIV 1 TAR RNA in the absence of ligand is 68.9°C (100 mM KCl, pH 6.8).
UV thermal denaturation of HIV-1 TAR RNA in the absence and presence of neomycin monomer and dimers was performed. A few trends can be identified: (1) (Table 1) . (5) There is very little further increase (1-2°C) in the thermal stabilization of HIV-1 TAR RNA at higher stoichiometric ratio of all neomycin dimers (dimer/RNA ratio = 2:1), indicative of a non-specific electrostatic interaction at higher concentrations of neomycin dimers (data not shown).
CD spectroscopy studies to characterize the binding between neomycin dimer and HIV-1 TAR RNA: Previous studies have revealed that there is a substantial change in the structure of HIV TAR RNA induced by Tat protein and other ligands which can be monitored by CD spectroscopy. 40, 41 Therefore, CD studies were carried out to monitor the binding interaction between neomycin dimer and HIV-1 TAR RNA. As depicted in Figure 2 , the CD spectrum of HIV 1 TAR RNA alone is representative of an A-form RNA. The CD spectrum of HIV TAR RNA contains a strong positive band near 265 nm, a fairly intense negative band around 215 nm, and a weak negative band around 240 nm. 42 A CD titration was performed between neomycin dimer and HIV TAR RNA by continuous addition of neomycin dimer in HIV TAR RNA solution ( Fig. 2A) . The shape of both the CD spectra, in the absence and presence of neomycin dimer are similar suggesting that the overall conformation of HIV TAR RNA is conserved. There are, however, some changes in the spectrum of HIV TAR RNA upon addition of neomycin dimer. The alteration of the CD spectrum of HIV TAR RNA is indicative of the interaction between HIV TAR RNA and neomycin dimer. The binding of neomycin dimer causes a gradual decrease in the peak at 210 and 225 nm upon incremental addition of neomycin dimer in the HIV TAR RNA solution. Contrary to Tat protein, 42 there is a slight increase in the intensity at 265 nm along with a shift to longer wavelengths in the presence of neomycin dimer. The change in the molar ellipticity of HIV TAR RNA at 265 nm is typical of aminoglycosides-TAR binding. The peak at 265 nm has been attributed to the sensitivity of base stacking into the bulge region. 43 This observation gives us an insight into the probable binding site of neomycin dimer to HIV TAR RNA. Tat protein binding to the bulge region of the HIV TAR RNA results in the modification of RNA base stacking and hence causes a significant decrease in the peak intensity around 265 nm. Neomycin dimer does not induce a significant change in the peak at 265 nm, suggesting that it does not bind in the same region as Tat. The CD data is consistent with the model of approximately one neomycin binding to the lower stem region of HIV TAR RNA (for structure see Scheme 1), and the second neomycin unit binding to upper stem or the hairpin region, though further studies need to be performed to confirm this hypothesis. Ethidium bromide displacement titrations: To further investigate the binding between HIV TAR RNA and neomycin dimers, ethidium bromide displacement experiments 44, 45 were used (Fig. 3) and the results are summarized in Figure 4 . The binding affinity of neomycin dimers is proportional to the amount of ethidium bromide displaced from HIV TAR RNA and reflected in the IC 50 (the concentration of ligand required to displace 50% ethidium bromide from HIV TAR RNA) values (Fig. 3) . Ethidium bromide displacement experiments indicate that in general, neomycin dimers with shorter linker lengths have higher affinity than neomycin dimers with longer linker towards HIV TAR RNA. The IC 50 values for neomycin dimers fall within a range of 36-99 nM (see Fig. 4 ), which is in the range of Tat-TAR binding (IC 50 = 56 nm). In comparison to neomycin dimers, neomycin shows very low affinity towards HIV TAR RNA. The IC 50 value of neomycin towards HIV TAR RNA is 417 ± 115 nM. This trend is similar to what is observed with UV thermal denaturation experiments.
In conclusion, an efficient synthesis of neomycin dimers 46 using click chemistry has been performed. Biophysical results from ethidium bromide displacement and UV thermal denaturation experiments show that the two neomycin binding sites on HIV TAR RNA are very close to each other as seen by the higher affinity of neomycin dimers with shorter linker length towards HIV TAR RNA. Further studies on the effect of these dimers on protein binding and HIV inhibition are ongoing and will be reported in due course.
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